terminal end of the 267-residue polypeptide (25) . These crystal structures, however, never defined a conformation for the disordered C-terminal 10 residues of SAT that are required for bienzyme complex formation. OASS has also been studied from biochemical and structural perspectives (3, 29) . The available crystal structures of dimeric Salmonella enterica serovar Typhimurium OASS (StOASS) include the apoenzyme covalently bonded in Schiff base linkage through Lys 41 to its pyridoxal-5Ј-phosphate (PLP) cofactor as an internal aldimine (3) and the Lys 41 3 Ala mutant enzyme in which PLP covalently bonds instead to a methionine residue from the medium in an external aldimine linkage (5) . The structure of StOASS covalently bonded to methionine has been taken to be a structural analog of the covalent enzyme-O-acetylserine in- 
for all available data, but excluding data reserved for the calculation of R free . R free (%) ϭ ⌺ ͉F 0 Ϫ F c /⌺ ͉F 0 ͉ ϫ 100 for a 5% subset of X-ray diffraction data omitted from refinement calculations. Values in parentheses refer to the corresponding statistic calculated for data in the highest resolution bin.
termediate and has served to identify the location of the amino acid binding site. In addition to the "open" apoenzyme conformation and the "closed" conformation bound to methionine, a form of StOASS bound to chloride and sulfate anions results in an "inhibited" conformation (4) .
In order to characterize the binding interactions of SAT to OASS in a homologous system and to address questions concerning the physical organization of enzymes leading to cysteine biosynthesis, we prepared crystals of H. influenzae OASS (HiOASS) in complex with the C-terminal 10-residue peptide of HiSAT. The crystal structure reveals the binding location and conformation of the C-terminal four residues of this peptide and provides a structural basis for the binding and partial inhibition of OASS by SAT in the CS complex.
MATERIALS AND METHODS
The H. influenzae cysK gene corresponding to the aerobic form of OASS (HiOASS) was inserted into a pET28a vector encoding an N-terminal removable six-histidine tag and used to transform E. coli BL21(DE3). The protein was purified from 3 liters of bacterial culture by Ni-nitrilotriacetic acid affinity chromatography, followed by thrombin cleavage of the histidine tag and subsequent Superdex 200 pg gel filtration chromatography. The final yield was 70 mg. The unblocked peptide corresponding to the C-terminal 10 residues of HiSAT ( 258 Gly-Ile-Asp-Asp-Gly-Met-Asn-Leu-Asn-Ile 267 ) was synthesized with a Perkins-Elmer Biosystems 433A peptide synthesizer and subsequently purified by high-pressure liquid chromatography.
Crystals of the HiOASS-peptide complex were prepared under silicon oil by using the sitting drop method by mixing 2 l of HiOASS at a concentration of 15 mg/ml (0.45 mM of active sites) in 20 mM HEPES (pH 7.5), 50 mM NaCl, and 5 mM peptide with 2 l of 3.0 M ammonium sulfate, 2% (vol/vol) polyethylene glycol 400, and 100 mM HEPES (pH 7.5). These crystals belonged to space group I4 1 (a ϭ b ϭ 112.6 and c ϭ 45.8 Å). Crystals were passed through solutions containing glycerol (but lacking peptide) before vitrification in liquid nitrogen. These cooled crystals diffracted X rays to a resolution of 1.55 Å by using an in-house Rigaku R-Axis IV ϩϩ image plate detector and RU-H3R rotating anode X-ray generator equipped with Osmic Blue optics and operating at 50 kV and 100 mA. The data were reduced with HKL (26) .
The structure was solved by molecular replacement with EPMR (15), by using a single subunit of apoenzyme StOASS (1OAS) as the search probe. Model building and atomic parameter refinements were carried out with the programs ARP/wARP (24, 27) , O (14) , and CNS (2) . A Ramachandran plot of main chain torsion angle pairs identified no residues occupying the disallowed or generously allowed regions (19, 30) .
The atomic coordinates corresponding to the structure of HiOASS in complex with the C-terminal decapeptide of SAT have been deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank (accession code 1Y7L).
RESULTS
The structure of HiOASS in complex with the C-terminal decapeptide of HiSAT was determined to a resolution of 1.55 Å by using the structure of a single subunit of apoenzyme StOASS as the molecular replacement search probe. The (Fig. 2A) .
The peptide binds at the active site of OASS near the PLP cofactor (Fig. 2B) . The distance between the two peptides bound to the OASS dimer is 36 Å. Interpretable electron density for the peptide was observed for only its C-terminal four residues (Fig. 3A) . According to a residue numbering scheme from the numbering of the full-length 267-residue Hi-SAT polypeptide, the visible residues of the peptide correspond to P264 to P267 ( 264 Asn-Leu-Asn-Ile 267 ). The observed peptide-OASS interactions are all formed by the last two residues ( Fig. 3B and C) . The side chain O␦1 and N␦2 atoms of Asn-P266 interact with Ser 70 N and O␥, respectively. One oxygen of the Ile-P267 C-terminal carboxyl group interacts with Thr 69 O␥ and the side chain Nε2 of Gln 143. The other oxygen atom interacts with the peptide nitrogen of Thr 73 and with a water molecule trapped between the peptide carboxylate and the ring hydroxyl or phenolate oxygen of PLP. Interatomic distances less than 4 Å in length are observed between the side chain atoms of Ile-P267 and the ring of Phe 144 as well as the carbonyl oxygen atoms of Gly 228 and Asn 264. A least-squares superposition of the StOASS-methionine and HiOASS-peptide structures revealed that the carboxyl groups of the methionine and Ile P-267 superimpose near the Nterminal end of a helix ␣2 (residues 71 to 84) as do their side chains.
DISCUSSION
The structure of HiOASS in complex with the C-terminal decapeptide of HiSAT reveals the conformation and interactions of the last four residues of SAT with the active site of OASS. A superposition of the StOASS-methionine and HiO-ASS-peptide structures overlays the carboxyl groups and side chain atoms of the methionine and Ile P-267 in an orientation that reverses the direction of their main chain atoms. Since the binding location of methionine to StOASS is thought to overlap the O-acetylserine binding pocket (5), it follows that the C-terminal isoleucine residue of SAT would compete with binding of O-acetylserine for the active site of OASS. Indeed, the C-terminal 10-residue peptide of EcSAT ( 264 Asn-His-ThrPhe-Glu-Tyr-Gly-Asp-Gly-Ile 273 ) is a 130 nM competitive inhibitor of EcOASS (70% sequence identity with HiOASS) (20) . EcSAT and HiSAT share a C-terminal isoleucine residue in their sequences with many additional bacterial SATs that may also form the CS complex (e.g., Vibrio cholerae, Neisseria meningitidis, Yersinia pestis, and S. enterica serovar Typhimurium).
In addition, the structure reported here provides an explanation for the inability of SAT truncation mutants lacking the C-terminal 10, 14, 20, and 25 residues to form the CS complex (20) and for the dissociation of the complex by O-acetylserine, which would displace the C-terminal peptide of SAT responsible for complex formation. However, full-length EcSAT is a 250-fold tighter binding inhibitor of OASS than its C-terminal 10-residue peptide (20) , and so additional structural features of SAT may be recognized by OASS apart from the C-terminal peptide but which alone are insufficient to direct formation of the complex. Any such additional interactions between SAT and OASS must await further studies, as the results presented here do not sufficiently constrain atomic modeling of the CS complex from its components.
The question of why the CS complex would remain catalytically competent for cysteine biosynthesis in vivo if its formation required its OASS active sites to be tethered (and inhibited) in the manner described here may be answered by noting that a dimer of OASS may be tethered to SAT in the CS complex by only one of its active sites. This is consistent with the measured turnover number for OASS in the purified CS complex of S. enterica serovar Typhimurium, which is 55% of that measured for the resolved enzyme (16) . The observed mass of the CS complex derived from equilibrium ultracentrifugation studies is 309 kDa for the S. enterica serovar Typhimurium complex (16) and 293 kDa for the complex from E. coli (21) . These observations are best explained by a stoichiometry for the complex of one molecule of hexameric SAT and two dimers of OASS (calculated mass, 314 kDa for both organisms) (9, 16) . Such a complex could be formed with each dimer of OASS contributing one active site as an anchor point for bienzyme complex formation, leaving the other active site unblocked.
These results add to the diverse set of roles played by the C-terminal region of SAT, which now include its participation in the high-affinity cysteine binding site of SAT (25, 28) , its competitive inhibition of OASS activity with respect to Oacetylserine, and its role in tethering OASS to form the CS complex. Remaining unanswered, however, are questions concerning the biological advantages conferred by complex formation since substrates are not thought to channel between the active sites of SAT and OASS (6) . However, EcOASS stimulates the activity of E. coli ATP sulfurylase (31) , an enzyme that catalyzes the initial step of sulfur assimilation into activated organic molecules, suggesting that OASS may form additional bienzyme or higher order enzyme complexes.
